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We compare the mean-over-variance ratio of the net-kaon distribution calculated within a state-
of-the-art hadron resonance gas model to the latest experimental data from the Beam Energy Scan
at RHIC by the STAR collaboration. Our analysis indicates that it is not possible to reproduce the
experimental results using the freeze-out parameters from the existing combined fit of net-proton
and net-electric charge mean-over-variance. The strange mesons need about 10-15 MeV higher tem-
peratures than the light hadrons at the highest collision energies. In view of the future Λ fluctuation
measurements, we predict the Λ variance-over-mean and skewness-times-variance at the light and
strange chemical freeze-out parameters. We observe that the Λ fluctuations are sensitive to the
difference in the freeze-out temperatures established in this analysis. Our results have implications
for other phenomenological models in the field of relativistic heavy ion collisions.
INTRODUCTION
Relativistic heavy ion collisions have successfully recre-
ated the Quark Gluon Plasma (QGP) in the laboratory at
the Relativistic Heavy Ion Collider (RHIC) and the Large
Hadron Collider (LHC). At low baryon density, the tran-
sition from a deconfined state where quark and gluons are
the main degrees of freedom into the hadron gas phase
where quarks and gluons are confined within hadrons is
a smooth cross-over that happens across roughly a 20
MeV range in temperature [1–3]. At large enough baryon
densities one expects a critical point to eventually be
reached; searches for such a critical point are the focus
of the Beam Energy Scan at RHIC.
The evolution of a heavy ion collision is characterized
by several steps, which can be described by different the-
oretical approaches. The chemical freeze-out is the mo-
ment at which inelastic collisions between particles cease.
The chemical composition of the system is fixed at this
point. Therefore, measured particle multiplicities and
fluctuations carry information about this particular mo-
ment in the evolution of the system. Using thermal fits,
where one assumes a hadron resonance gas in equilib-
rium, one can calculate the particle yields of hadrons in
a {T, µB} plane and then compare to experimental data
to extract the corresponding {Tf , µBf} at the chemical
freezeout. The Hadron Resonance Gas (HRG) model has
been very successful in fitting particle yields and ratios
over nine orders of magnitude [4–8]. However, at small
baryon densities there still remains a tension between the
yields of light particles versus strange particles [9]. An-
alyzing the most recent experimental data at the LHC,
it appears that light hadrons prefer a smaller chemical
freeze-out temperature compared to strange hadrons (or
put in other words, the strange baryons are underpre-
dicted if the chemical freeze-out temperature is set by
the light hadrons). A similar effect was observed at RHIC
[10].
There have been a number of suggestions to explain
the tension betweeen light and strange hadrons. For
instance, from lattice QCD there is an indication that
strange particles might hadronize at a higher tempera-
ture [11], naturally leading to a higher chemical freeze-
out temperature as well. It is now possible to test this
idea more thoroughly by taking the moments of the net-
K distribution (due to the fluctuations of the number
of kaons to anti-kaons on an event-by-event basis) and
comparing them directly to Lattice QCD [12], although
results for the full Beam Energy Scan from Lattice QCD
are not yet available. Another suggestion has been that
missing resonances could explain the difference in tem-
peratures [13–15]. While recent Lattice QCD calcula-
tions [13, 16] indicate that several resonances are indeed
missing, their full decay channels need to be implemented
in order to determine their influence on the freeze-out
temperature. Furthermore, previous studies found that
the inclusion of additional resonances did not have a sig-
nificant influence on the thermal fits [17]. Another idea
would be that, due to the large annihilation cross sec-
tions, (anti-)proton freeze-out is expected to occur at
lower temperatures [18–23] and thermal equilibrium will
not be reached within the hadronic fireball.
A clear path forward to tackle this tension between
light and strange hadrons is to study the moments of the
light hadron distributions (namely net-protons and net-
charge) as well as the net-kaon distribution. For certain
particles (including kaons) fluctuations turn out to be
more sensitive to the freeze-out parameters, compared
to the corresponding particle yields [24]. The STAR
collaboration recently published experimental measure-
ments for the energy dependence of the fluctuations of
net-protons [25], net-charge [26], and net-kaons [27]. Ex-
perimentally, one can only measure charged particles, so
that K0’s, pi0’s, and neutrons are not included in these
measurements. A previous study in the HRG model with
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2all experimental effects, such as acceptance cuts in pT and
rapidity and isospin randomization [28], found that the
net-proton and net-charge fluctuations indicate a lower
chemical freeze-out temperature than the one quoted in
the thermal fits.
If chemical freeze-out is reached within the hadron gas
phase, then only hadronic degrees of freedom should be
considered, which makes the HRG model the ideal tool
to study this point in the evolution of the system. An
advantage in using the HRG model is that acceptance
cuts and resonance decays can be taken into account [12],
which is not possible when directly comparing to Lattice
QCD results. While these effects appear to be small at
high collision energies [12], at large baryon chemical po-
tentials and for higher order susceptibilities they do play
a role. In this paper we use the HRG model to extract
the kaon chemical freeze-out parameters by comparing
the model predictions for net-kaon fluctuations to the re-
cent STAR data from the Beam energy scan [27]. We
find that, even when using the most up-to-date particle
data list as an input for the model, the kaons need larger
freeze-out temperatures, compared to the light hadrons.
We also predict the values of the Λ fluctuations, calcu-
lated in the HRG model at the freeze-out parameters of
the kaons and of the light hadrons. The results show a
clear separation, which can hopefully be resolved by the
forthcoming experimental results.
METHODOLOGY
The HRG model assumes that a gas of interacting
hadrons in its ground state can be well approximated by
a non-interacting gas of ground-state hadrons and their
heavier resonances. The pressure from this model is de-
fined as
p(T, µB , µQ, µS) =
∑
i
(−1)Bi+1 diT
(2pi)3
∫
d3~p ln
[
1 + (−1)Bi+1 exp(−(
√
~p 2 +m2i −BiµB − SiµS −QiµQ)/T )
]
, (1)
namely it is the sum over all known baryons and mesons
of the pressure of a baryon/meson gas. The conserved
charges are baryon number B, strangeness S, and electric
charge Q. The main input to the model is the list of
hadrons that have an individual degeneracy di, mass mi,
and quantum numbers Bi, Si, and Qi. The chemical
potentials are all linked due to strangeness neutrality and
the approximate ratio of 0.4 protons to baryons in the
colliding nuclei such that:∑
i∈S
ni(T, µB , µQ, µS) = 0∑
i∈Q
ni(T, µB , µQ, µS) = 0.4
∑
i∈B
ni(T, µB , µQ, µS) . (2)
In this paper we use the hadron resonance gas model
with the Particle Data Group list from 2016+ includ-
ing all one-star to four-star resonances, which appears
to have the best global fit to the Lattice QCD partial
pressures [16]. The decays of these resonances are taken
from the Particle Data Group directly when provided.
In cases where the decays are not known, information
is extrapolated from similar resonances with the same
quantum numbers. For the heaviest resonances, it is as-
sumed that, during their decay, a large portion of their
rest mass goes into radiation instead of hadrons. Further
details are outlined in Ref. [29].
In order to take into account the influence of hadron
resonance decays, we adapt the formula used in [24, 28],
which contains the proper acceptance cuts in rapidity and
transverse momentum that were used in the experiment,
to just include the decays into charged kaons:
χ˜K
±
n =
NHRG∑
i
(Pri→K±SK±)
n di
4pi2
∂n
∂µnS
{∫ 0.5
−0.5
dy
∫ 1.6
0.2
dpT × pT
√
p2T +m
2
kCosh[y]
(−1)Bk+1 + exp((Cosh[y]√p 2T +m2k − (Biµb + SiµS +QiµQ))/T )
}
.
(3)
where SK± is the strangeness of the stable particle (±1
for K± in our case). Here Pri→K± = Bri→K±ni(K±)
is the probility for a resonance i to decay into a charged
kaon where Bri→K± is the branching for the resonance i
to decay into K± and ni(K±) is the number of times
particle i appears in the channel K±. Notice that
(Pri→K±SK±)n in the above equation corresponds to
the sum of two terms, the first including the probabil-
ity for particle i of decaying into K+, the second the
probability of decaying into K−: (Pri→K±SK±)n =
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FIG. 1. Results for χK1 /χ
K
2 calculated along the Lattice QCD isentropic trajectories (pink band) compared to (M/σ
2)K data
from [27] (gray band) across the Beam Energy Scan at STAR.
(Pri→K+SK++Pri→K−SK−)n = (Pri→K+−Pri→K−)n.
Here we use the same acceptance cuts as described in [27].
When making comparisons to experimental data, the
ratios of susceptibilities are always used to cancel out vol-
ume effects. Then, one can calculate χK
±
1 /χ
K±
2 (T, µB)
across the entire phase diagram of temperature and
baryon chemical potential. In the Beam Energy Scan
different center of mass energies, that correspond to dif-
ferent trajectories across the QCD phase diagram (lower
energies correspond to larger µB), are systematically
scanned.
For the light hadrons, at each inidividual energy there
are two unknowns: {Tf , µBf} and two experimental data
points to match {χp1/χp2, χQ1 /χQ2 }. Such an analysis was
performed in Ref. [28]. However, for strange particles
only net-kaons have been measured so it is not possible
to determine both {Tf , µBf} by fitting χK1 /χK2 . We tried
a simultaneous fit of χK1 /χ
K
2 and χ
K
3 /χ
K
2 , but the exper-
imental error-bars on the latter did not allow a precise
determination of the freeze-out parameters. In Fig. 3 of
Ref. [30], isentropic trajectories using Lattice QCD re-
sults for the Taylor reconstructed QCD phase diagram at
finite µB are shown. These trajectories assume that the
entropy per baryon number is conserved and illustrate
the path across which the Quark Gluon Plasma evolves
through the phase diagram after a heavy-ion collision in
the absence of dissipation. They are a reasonable ap-
proximation of the actual ones over a short section of the
system evolution, close to the freeze-out. Thus we as-
sume that the evolution of the system created in a heavy
ion collision lies on the Lattice QCD isentropic trajecto-
ries, which yield a relationship between T and µB . These
isentropes were determined by starting from the chemical
freeze-out points for light hadrons from Ref. [28], calcu-
lating S/NB at those points, and imposing that the ratio
is conserved on the corresponding trajectory. In this way
we take into account the possibility that kaons can freeze-
out at a different moment in the evolution of the system
at a given collision energy, related to the light particle
freeze-out point by the conservation of S/NB . This pro-
cedure allows us to determine both {Tf , µBf} for Kaons.
RESULTS
In Fig. 1, χK1 /χ
K
2 is calculated along the Lattice QCD
isentropic trajectories (pink band) and compared to the
(M/σ2)K (mean-over-variance) data from the STAR col-
laboration [27] (gray band). At
√
sNN = 200 GeV, due
to the large experimental uncertainty, the region of over-
lap between the theoretical band and the experimen-
tal data corresponds to a temperature range between
T ∼ 163 − 190 MeV, which is clearly above the light
chemical freeze-out temperature T f = 148 ± 6 MeV. At
lower energies, the overlap region is smaller but it is still
located around T ∼ 160 MeV.
In Fig. 2 we directly compare our acceptable bands for
the strange {T f , µfB} (gray bands) and the light {T f , µfB}
from Ref. [28] (red points). Note that the shape of
the strange {T f , µfB} regions arises from the shape of
the overlap regions seen in Fig. 1. From the plot it is
clear that, performing the same analysis as was done in
Ref. [28] for light particles, the freeze-out parameters
that we get from Kaon fluctuations are in disagreement
with the light particle ones. Therefore, we conclude that
the Kaon fluctuation data from the STAR collaboration
cannot be reproduced within the HRG model, using the
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FIG. 2. Freeze-out parameters across the highest five energies
from the Beam energy scan. The red points were obtained
from the combined fit of χp1/χ
p
2 and χ
Q
1 /χ
Q
2 [28], while the
gray bands are obtained from the fit of χK1 /χ
K
2 in this work.
Also shown are the freeze-out parameters obtained by the
STAR collaboration at
√
s = 39 GeV [10] from thermal fits
to all measured ground-state yields (orange point) and only
to protons, pions and kaons (blue point).
freeze-out parameters obtained from the combined analy-
sis of χp1/χ
p
2 and χ
Q
1 /χ
Q
2 . Kaon fluctuations seem to con-
firm a flavor hierarchy scenario. In the same Figure, we
also show the freeze-out parameters obtained from ther-
mal fits to particle yields by the STAR collaboration at√
s = 39 GeV [10]. The orange point has been obtained
by fitting all measured ground-state hadrons, while for
the blue point the fit only included protons, pions and
kaons. It is clear that the inclusion of all strange parti-
cles drives the freeze-out temperature to values which are
close to the ones we find from kaon fluctuations. The fit
to protons, pions and kaons yields a freeze-out tempera-
ture compatible to the one obtained from the combined
fit of net-proton and net-charge fluctuations in [28].
Experimental data for Λ fluctuations will soon become
available. They could serve as a further test for the two
freeze-out scenario, as they carry strangeness as well. For
this reason, in Fig. 3 we show our predictions for χΛ2 /χ
Λ
1
(upper panel) and χΛ3 /χ
Λ
2 (lower panel) as functions of
the collision energy, calculated at the values of Tf and
µBf extracted from the fit of χ
K
1 /χ
K
2 (red points), and
from the combined fit of χp1/χ
p
2 and χ
Q
1 /χ
Q
2 (blue points).
Both observables show a clear separation between the
two scenarios, that the future experimental results will
hopefully be able to resolve.
CONCLUSIONS
We performed a fit of the net-Kaon χ1/χ2 data from
the STAR collaboration, in order to extract the freeze-
out parameters for Kaons. We observe a clear separa-
tion between the freeze-out temperatures extracted from
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FIG. 3. Upper panel: χΛ2 /χ
Λ
1 as a function of
√
s. Lower
panel: χΛ3 /χ
Λ
2 as a function of
√
s. In both panels, the red
points are calculated at the values of Tf and µBf extracted
from the fit of χK1 /χ
K
2 , while the blue points are calculated
at the values of Tf and µBf extracted from the combined fit
of χp1/χ
p
2 and χ
Q
1 /χ
Q
2 in Ref. [28].
net-kaon fluctuations and those obtained from a com-
bined fit of net-proton and net-charge fluctuations, up to
µB ∼ 0 − 200 GeV. Our HRG model includes the most
up-to-date particle data list that works reasonable well
compared to Lattice QCD results [16]; their full decay
channels are considered as well. As µB increases, it ap-
pears that there could be a convergence of the strange
vs. light temperatures; however, the acceptable band at√
sNN = 19.6 GeV for the strange chemical equilibrium
temperature is quite large, due to the current experimen-
tal and theoretical uncertainties. Thus one cannot make
a clear statement at low energies. We also would like to
point out that, at the highest collision energy, the over-
lap of the data with the isentropic trajectories is so large
that it yields values of the freeze-out temperature as high
as 190 MeV, which is clearly incompatible with the tem-
perature predicted for the chiral phase transition on the
lattice.
Our results have interesting implications for hydro-
dynamical modeling at the Beam Energy Scan. They
5provide the first experimental evidence (beyond tantaliz-
ing hints from thermal fits) that strange hadrons could
freeze-out at around T ∼ 10 − 15 MeV higher tem-
peratures than light hadrons. Certainly, at the high-
est RHIC energies hydrodynamical models should at-
tempt to freeze-out strange hadrons at higher temper-
atures than light hadrons. As one goes to higher baryon
chemical potentials, such an approach may no longer
be needed. Finally, it is not yet clear whether strange
baryons would freeze-out with the Kaons or with the
light particles. For this reason, we predict the Λ fluc-
tuations in the two scenarios: the future experimental
data will hopefully help to resolve this issue. Besides,
once the Λ fluctuation measurements become available it
will be possible to perform a combined fit of χK2 /χ
K
1 and
χΛ2 /χ
Λ
1 , instead of relying on the isentrope constraint.
This might yield a more precise determination of the
strangeness freeze-out temperature.
Another interesting implication from our results is that
the eventual convergence of the light and strange freeze-
out temperature could be a signature of an approaching
critical point. With a cross-over phase transition, it is
not surprising to find different chemical freeze-out tem-
peratures for different conserved currents. However, at
a first order phase transition all charges are expected to
freeze-out at the same temperature.
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